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Abstract: Oligofluorenes (a trimer,
pentamer, and heptamer) with one fluo-
renone unit in the center (OFnK: n=3,
5, or 7) were synthesized and used as
models to understand the origin of the
low-energy emission band in the photo-
luminescence and electroluminescence
spectra of some polyfluorenes. All
compounds form glasses with T, at
30°C (OF3K), 50°C (OF5K) and 57°C
(OF7K). Oligomers OF5K and OF7K

ture analysis revealed the helical
nature of the molecule and a helix re-
versal defect located at the central fluo-
renone unit. The packing pattern pre-
cludes formation of excimers. Electro-
chemical properties were investigated
by cyclic voltammetry. The ionization
potential (/,) and electron affinity (E,)
were calculated from these data. Stud-
ies of the photophysical properties of
OFnK in solution and thin film by

steady-state and time-resolved fluores-
cence spectroscopic measurements sug-
gest efficient funneling of excitation
energy from the photoexcited fluorene
segments to the low-energy fluorenone
sites by both intra- and intermolecular
hopping events whereby they give rise
to green emission. Intermolecular
energy transfer was investigated by
using a model system composed of a
highly defect free polyfluorene PF2/6

exhibit smectic liquid crystal phases
that undergo transition to isotropic
melts at 107 and 205°C, respectively.
Oligomer OF5K could be obtained in
form of single crystals. The X-ray struc-

Introduction

In the development of polymer light-emitting diodes
(LEDs), blue-light emission is of particular importance.!
Among the limited number of conjugated polymers that
have been identified as promising materials for polymer
LEDs emitting blue light, the 9,9-disubstituted poly(2,7-fluo-
rene)s (PFs) exhibit high quantum efficiencies in photolumi-
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doped by OFnK. Forster-type energy
transfer takes place from PF2/6 to
OFnK. The energy-transfer efficiency
increases predictably with increasing
concentration of OFnK.

energy

nescence (PL) and electroluminescence (EL).”! High EL
brightness can be achieved at acceptable thermal stabili-
ty.ledl Since all of these physical parameters can be opti-
mized by chemical modification and copolymerization, the
whole family of polymers has received interest as materials
for blue-emitting LEDs and displays.®’) Moreover, PFs can
also serve as host material, and the full gamut of colors
(blue, green, and red) can be produced through energy
transfer to longer wavelength emitters in blends with other
conjugated polymers and/or with phosphorescent dyes.) A
significant drawback that presents widespread application is
the lack of stability of the polymers during operation of the
light-emitting diodes (PLEDs).”! Photooxidation plays an
important role in the lifetime of PLEDs fabricated from
conjugated polymers.”! Most of PLEDs prepared from PFs
suffer from degradation and consequently loss of efficiency
under operation, which is most visibly documented in the
formation of a low energy emission band in the “green” at
2.2-2.4 eV (520-560 nm). As a result, the desired blue emis-
sion shifts towards blue-green (and even yellow).”! This un-

WWILEY

) InterScience’

6833



CHEMISTRY=

A EUROPEAN JOURNAL

desired long wavelength emission is observed!” after both
thermal- and photooxidation of the polymer in both PL and
EL spectra, but it is typically more intense in the latter.
The origin of the additional green emission band has been
controversially discussed. Initially, the long wavelength
(“green”) emission had been attributed to spontaneous for-
mation of aggregates in the ground state and/or excimer for-
mation that is aggregates in the photoexcited state."”)

Following this line of thinking several attempts have been
made to stabilize the blue emission of PFs by means of a
chemical modification that would prevent the pairing of the
chromophores by steric hindrance. Modifications including
addition of bulky side groups,°*”l bulky end groups,*! co-
polymerization (including incorporation of benzothiadiazole,
perylene, and anthracene moieties into the PF main chain
and through end-capping),''? dendronization,” and blend-
ing®'¥ have been tried. None of these approaches has suc-
ceeded to satisfactorily prevent or suppress the green EL.
Pure blue emission was obtained from PF-based LEDs
doped with a small concentration of hole-transporting (HT)
molecules.*"! However, in such blends the device stability
is limited by slow phase-separation. Thus, it remains a chal-
lenge to create long-lived, pure blue EL from PF-based
LED:s.

However, an alternative explanation was recently put for-
ward, claiming that emission from isolated fluorenone-type
defects in polyfluorene chains rather than intermolecular ag-
gregates or excimers are responsible for the emission in the
green band. It was proposed that these fluorenone moieties
are formed either from defects already present in the poly-
mer when monoalkylated fluorenes were present as impuri-
ties during polymerization and became incorporated into
the polymer, or later by thermal-, photo-, or electrooxida-
tive degradation processes of almost any PFs,'® for example,
9,9-dialkylated polyfluorenes (DA-PF). The main evidence
for this suggestion was the observation of 1) the green emis-
sion band in very dilute solutions of fluorene oligomers and
polymers!'®! and fluorenone-containing copolymers,'*) 2)
the lack of any significant concentration dependence of the
green emission band in solutions of fluorenone-containing
copolymers, and 3) the pronounced vibronic structure of the
green emission band from thin films of fluorenone—fluorene
copolymers at low temperatures.'®! The tendency of 9-
monoalkyl polyfluorenes (MA-PF) to undergo facile autoxi-
dation is a proven fact. Pristine 9-monoalkylated MA-PF
was already found to contain 9-fluorenone defect sites after
polymer synthesis.['"

The incorporation of the fluorenone defect sites in MA-
PF dramatically changes the emission properties of the poly-
mer. The low-energy emission (“green”) band is dominant
in the emission spectra. The energetic position of the low-
energy emission band at about 2.3 eV in MA-PF is very sim-
ilar to the low-energy emission band of the fluorenone
building block in statistical dialkylfluorene/fluorenone co-
polymers.['7-18

It is also similar to the emission band of photooxidized
(photodegradated) fluorene-endcapped poly(9,9-dihexyl-
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fluorene-2,7-diyl) (PF6) as demonstrated in the litera-
ture.”! In this light, the often favored interpretation that
the low-energy emission band in PF is associated with aggre-
gate or excimer formation is at the very least questionable.
A recent study which used a “trimer” (2,7-bis(2'-9",9’-dihex-
ylfluorenyl)-9-fluorene) with a keto group in the central unit
also came to the conclusion that the green emission origi-
nates from the keto defect site.”” However, in this report,
structural data indicating the geometry of the oligomer in
the ground state and the fact that the higher oligomers ex-
hibit liquid crystallinity was missed.

It is interesting to note that the contribution of keto
defect sites to the emission is more pronounced in electrolu-
minescence when compared to photoluminescence.”!! The
reason behind this observation is the presence of two simul-
taneous processes that contribute to the low-energy emis-
sion: 1) energy transfer from the singlet excitons on the PF
main chain to keto defect sites and 2) trapping of charge
carriers at the fluorenone defect sites followed by subse-
quent emissive recombination events. The second process is
improbable in PL experiments and increases the contribu-
tion of the defect-site-related low-energy EL band in the EL
experiment.

Further, recent theoretical studies taking fluorenone-con-
taining oligomers into account substantiate the view that the
green emission originates from the fluorenone moieties as a
consequence of efficient energy transfer to these sites and
strong localization of the excitons on the fluorenone units.””!

As a contribution to this ongoing discussion and with the
aim to understand better the mechanisms of color change of
the emission owing to degradation,”*! highly pure monodis-
perse oligofluorenes (trimer, pentamer, and heptamer) with
keto defects incorporated in the center of the molecule are
used as models to pinpoint the origin of the green emission.
Their electronic properties studied by UV-visible spectrosco-
py and cyclic voltammetry will be discussed in the following
together with their photophysical properties, which were in-
vestigated by steady-state and time-resolved fluorescence
measurements both on the pure oligomers and their blends
with the corresponding poly(9,9-bis(2-ethylhexyl)fluorene-
2,7-diyl) (PF2/6). Their thermal behavior and structure in
the bulk were also studied by differential scanning calorime-
try (DSC), polarized optical microscopy (POM), and single-
crystal structure analysis.

Results and Discussion

Synthesis: The synthesis of the oligofluorenes with a central
fluorenone unit is shown in Scheme 1. The monobromides
of the fluorenyl monomer, dimer, and trimer (1a—c) with 2-
ethylhexyl side chains in the 9-position of the fluorene unit
were prepared according to our previous report.*” This sub-
stitution pattern was chosen to ensure complete miscibility
with the corresponding polyfluorene. The palladium-cata-
lyzed Miyaura reaction™ was used to transform the bro-
mides to the boronates (2a-c¢) in high yield. The target
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Scheme 1. The synthesis of oligofluorenes with central fluorenone unit.

products namely trimer, pentamer, and heptamer (OF3K,
OF5K, and OF7K, respectively) with one fluorenone unit
in the center were then prepared by Suzuki coupling be-
tween the monoboronate fluorenyl oligomers 2a—c¢ with 2,7-
dibromofluorenone. All compounds were purified by stan-
dard column chromatography and their structure was con-
firmed by field desorption mass spectrometry (FD-MS) and
"H or ®CNMR spectra (see Figures 1-4 in the Supporting
Information).

Thermal behavior and crystal structure: The thermal stabili-
ty of the oligofluorenes with one fluorenone group is similar
to that of homo-oligofluorenes.”*?! The thermal gravimetric
analysis (TGA) of OF3K, OF5K, OF7K under nitrogen
does not show a change in mass up to 370°C. The DSC
traces (measured in a nitrogen atmosphere) shown in
Figure 1 clearly exhibit the glass transition for all of the
oligomers OF3K (29.8°C), OF5K (49.8°C), and OF7K
(57.1°C), followed by an endothermic transition for OFSK
(106.8°C) and OF7K (204.6°C) upon heating. The latter is
identified as a transition from the liquid crystalline phase to
the isotropic melt, as was confirmed by polarized optical mi-

OF7K Cooling

OF5K Cooling

-—_4/____—-——.__——- OF3K Cooling

{*—\\ OF 3K heating
OF5K heating

OF7K heating

~— Endothermic

.50 0 50 100 150 200 250
Temperature (°C)

Figure 1. DSC traces of OF3K, OF5K, and OF7K (second heating and
cooling at 10 Kmin™).
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croscopy. Thin films of OF5SK and OF7K exhibit typical
Schlieren patterns (see Figure 5 in the Supporting Informa-
tion), which could be observed during slow cooling from the
isotropic phase. The Schlieren texture as well as the very
small enthalpy of transition (AH;, is —0.74Jg~' for OF5K,
—0.77 Jg* for OF7K) are consistent with the occurrence of
a smectic liquid crystalline phase.

Single crystals of the pentamer OFS5K were obtained
from a solution of the sample in dichloromethane by slow
dilution with ethanol. The material crystallizes in a mono-
clinic unit cell (P2,/c) with a=23.40, b=19.07, c=24.32 A;
a=90, $=94.90, y=90°; Z=4, V=10810.9 A®, and pys=
1.15 gem ™. As this point we need to recall that as-synthe-
sized OF5K is actually a mixture of stereo isomers, since a
racemic mixture of 2-ethylhexyl bromides was employed in
the synthesis of the monomer fluorene derivative. The re-
sulting and inherent disorder in the side-chain region of the
oligomers enhances their solubility without disturbing the
electronic properties. We did not attempt to separate the
isomers and, in fact, the mixture of isomers undergoes crys-
tallization without fractionation. However, the disorder in
the side-chain region has the consequence that the ratio of
observed over possible reflections amounts to roughly 0.1.%”)
The number of strong and independent reflections is large
enough to resolve the structure of the backbone with confi-
dence, while the presence of the side chains is only seen as
an electron density cloud. The conformation of the back-
bone alone is shown in Figure 2A as a projection onto the
plane of the central fluorenone group. A helixlike structure
is observed with rotation angles between adjacent fluorenyl
elements near 144°; this is being the ideal value expected
for the 5,-helix that was identified as the structural element
in the crystalline polymer PF2/6.! However, this conforma-
tion is disrupted in the vicinity of the fluorenone group, that
is, between ring 3 and ring 4 the rotation is reversed. The
reason for this type of conformational defect associated to
the chemical defect in terms of the fluorenone group is un-
known.

Figure 2B shows a projection of the crystal structure onto
the ac plane. The precise position of the side chain segments
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Figure 2. The single-crystal structure of the pentamer (OF5K). A) the conformation of the backbone without the aliphatic side-chains, the torsional
angles between planes of adjacent fluorene/fluorenone units are indicated; B) the 3D packing projected on the ac plane. Note the stacking angle of 30°
with regard to the ¢ axis; C) the 3D packing structure projected along the molecular long axis. The molecules are packed in a distance in the range of
van der Waals packing distance (3.8-4.0 A, indicated by the arrow in the amplified Figure in frame).

remains unknown for the reasons explained above. The sa-
lient features of the packing of the oligomers are revealed
in this projection. Rows of oligomers are inclined by 30°
with regard to the ¢ axis and the distance between adjacent
rows is maintained by the space-filling aliphatic side groups.
This feature is even better seen in the projection along the
long axes of the oligomers shown in Figure 2C. Both projec-
tions indicate that although pairs of the helixlike molecules
are packed in a distance in the range of van der Waals pack-
ing distance (3.8-4.0 A, indicated by the arrow in Fig-
ure 2C), this packing is not an arrangement that can support
excimer formation, as the planes of the fluorenes and fluore-
nones are neither parallel nor at close overlap. The dipolar
coupling among fluorenone units gives rise to a packing
characterized by a center of symmetry that relates adjacent
oligomers crystallographically. Figure 2B also explains why
the liquid crystal phase observed for these oligomers is,
most probably, of the smectic type characterized by layers
with the director axes of the molecules inclined to the layer
plane.

Photophysical properties of OFnK

Steady-state UV-visible absorption and fluorescence: Steady-
state UV-visible absorption and fluorescence spectra of

6836 ——

www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

OFnK dissolved in chloroform at the same fluorenyl unit
concentration of 1.0x 107> M are shown in Figure 3. The data
extracted from these spectra and from spectra in a series of
other solvents differing in polarity are collected in Table 1.
In addition, the data of thin films (bulk state) of the oligo-
mers are also given. The spectra of unsubstituted fluorenone
are given in Figure 3 as well as a reference.

The OFnK exhibit a strong absorption peak related to the
m-m* transition as observed in homo-oligofluorenes,?! to-
gether with an additional broad absorption band at longer
wavelengths (n—mt* of the fluorenone unit; Figure 3 top). If
the absorption spectra of OF3K-OF7K are normalized with
regard to the intensity of the maximum of the absorption,
the intensities of the fluorenone absorption bands decrease
with the molecular size from OF3K-OF7K, because the
amount of fluorenone component per molecule decreases
with the chain length. The maximum of the absorption
bands become red-shifted with increasing number (n) of
fluorene units per molecule from OF3K (4,uxabs) =350 nm,
3.54eV) to OFTK (Apaxansy=371 nm, 3.34 eV). The molar
extinction coefficients (¢) of OF3K-OF7K at the absorption
peak of m—s* transition and n—m* transition in chloroform,
as well as in a series of less polar solvents are shown in
Table 2. The value of ¢,_.. increases linearly with increasing
of chain length from OF3K to OF7K. The increment is ap-
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Figure 3. Steady-state UV-visible absorption (top) and fluorescence
(bottom) spectra of fluorenone, OF3K, OF5K, and OF7K measured in
chloroform (fluorene unit concentration=1x10"M) at room tempera-
ture.

Table 1. A summary of UV-visible absorption (Auuxbs) and fluorescence (Amaemy) data for OF3K-OF7K in

various solvents and as solid film on a quartz plate.

FULL PAPER

proximately 34700 Lmol 'cm™ per two fluorenyl units. In
contrast with ¢, .., the magnitude of ¢,_.. does not show an
additivity rule. However, we note that the magnitude of ¢, -
is still chain-length dependent; for example, going from
OF3K to OF7K in chloroform is associated with & going
from 3900 to 7600 Lmol ™' cm™'. With all caution one could
postulate that the ¢, .. will saturate at further increase of n
very soon. Zojer et al. predicted in a recent paper®! that ¢,_
- should not be dependent on #, but we cannot support this
from our data. It is worth mentioning that Zojer et al. based
their calculations on a molecular geometry of the ground
state, which is also contradicted by our X-ray result (see
above). In particular, the presence of the fluorenone group
creates a helix reversal defect in the ground state that
should be considered in further theoretical work aiming for
detailed understanding of spectral features.

The fluorescence spectra of the same compounds in
chloroform are shown in Figure 3 (bottom). The wavelength
of the exciting light was fixed at the absorption maxima. A
very strong unstructured yellow-green emission band accom-
panied by a weak blue emission was observed for OF3K-
OF7K. The very weak blue emission with a well-resolved vi-
bronic structure can be assigned to the 0-0, 0-1, and 0-2 ex-
cited singlet to ground state transitions.”>>! The emission
band at lower energies is very similar to the “green” emis-
sion band observed in the photoluminescence and electrolu-
minescence spectra of polyfluorenes. The maxima of the
emission bands are red-shifted with increasing number (n)
of fluorene units per molecule from OF3K (Auuxemy=
584 nm, 2.12 eV) to OF7K (A,u5(emy =596 nm, 2.08 eV). For
fluorenone monomer (OF1K), the emission maximum
occurs at 512 nm (2.42 eV).

The UV-visible absorption spectra of thin films of the
compound OF3K-OF7K on quartz substrates are practical-
ly identical to those obtained from solutions except for a
slight blue-shift, as listed in Table 1. However, their PL spec-
tra in thin films are much more blue-shifted than those ob-
tained from solutions of the
oligomers in chloroform
(540 nm vs 580-590 nm; see

Figure 6 in the Supporting In-

Solvent OF3K OF5K OF7K .

imax(aba) imax(emi) lmax(abs) }"max(emi) imax(aba) imax(emi) formatlon)’

[nm(eV)] [nm(eV)] [nm(eV)] [nm(eV)] [nm(eV)] [nm(eV)] It is known that the energy
CHCl, 350 (3.54)  584(212)  366(3.39)  594(2.09) 371 (334) 596 (2.08) level of the photoexcited state
toluene 349 (3.55) 532 (2.33) 365 (3.40) 535 (2.32) 371 (3.34) 535 (2.32) of chromophores containing
meliodohone 4638 %704y 2043  szom)  wsawy  mowy on clecton-donating and
methylcyclohexane . 7 (2. E E 37 1 . - . 3
film 348 (3.56) 543 (228) 365 (3.40)  541(229) 370 (335) 548 (2.26) withdrawing groups can be af

fected by solvation.®”! Both

Table 2. Molar extinction coefficients (e, at the absorption peak of m—m* transition and n—st* transition

from various solutions.

the peak position and the
shape of the fluorescence spec-
tra can be influenced by solva-
tion. This is also found for the

€xme [107 Lmol ' em™]

€nne [1072 Lmol ' em™]

set of oligomers OFnK. For

CHCl, toluene 2-MeTHF MeCy CHCl,4 toluene 2-MeTHF MeCy example, the normalized fluo-
OF3K 638 632 675 661 39 42 45 42 rescence spectra of OF5K in
OF5K 1329 1318 1404 1360 65 73 76 80 methylcyclohexane  (MeCy)
OF7K 2026 2016 2128 2130 76 85 94 90 ’

toluene, 2-methyltetrahydro-
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furan (2-MeTHF), and chloroform are shown in Figure 4.
The relevant data are listed in Table 1 (see also Figure 7 in
the Supporting Information for OF3K and OF7K). The
molar extinction coefficients ¢ of OF3K-OF7K for the ab-
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Figure 4. The fluorescence spectra of OF5K in solvents of different polar-
ity (concentration: 1x 107> M fluorene units, A., =365 nm, inset shows the
non-normalized fluorescence spectra).

sorption peaks of the m—m* and n-m* transitions show little
dependence on solvent polarity (Table 2). The wavelength
of the absorption maximum is slightly red-shifted with in-
creasing solvent polarity. This indicates a positive solvato-
chromic response.’!! For example, in the case of OF5K we
find a maximum solvatochromic shift of only 0.04 eV going
from chloroform to MeCy as solvent. Similar behavior has
been observed for donor-acceptor-substituted terthio-
phenes,f?  donor-acceptor oligomer 3,6-[bis(4-phenyl-2-
quinolyl)]-9-methylcarbazole, and 3,7-[bis(4-phenyl-2-quin-
olyl)]-10-methylphenothiazine,” in which the same trend
was rationalized as a consequence of an intramolecular
charge transfer.

The fluorescence spectra of OFnK are very sensitive to
the polarity of the solvent. For example, the wavelength of
the emission maximum of the fluorescence spectra of OF5K
(1x107°m) shifts from 512 to 594 nm when going from
MeCy as the least polar to chloroform as the most polar sol-
vent (see Table 1). Consequently the Stokes shift increases
with increasing polarity of the solvent. This indicates that
the dipole moment of the photoexcited state is larger than
that of the ground state.® It is also worth mentioning that
the vibronic substructure of the emission becomes washed
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out as the polarity of the solvent increases. This effect is
clearly seen in Figure 4 and it goes along with the observa-
tion that the full width at half-maximum (fwhm) of the
emission for all oligomers increases from 82 (in MeCy, tolu-
ene, 2-MeTHF) to 100 nm (in chloroform). This results from
local and time-dependence variations of the solvent environ-
ment of the chromophores.**l The literature associates such
phenomena with intramolecular charge transfer occurring
within the excited molecule.”

The fluorescence intensities decrease going from nonpolar
solvents to polar solvents (see the inset in Figure 4). As the
energy of the excited state is lowered by solvation in polar
solvents, the radiationless transition to the ground state gen-
erally become faster; at the same time the corresponding ra-
diative transition, which depends on the third power of the
frequency, will become slower. This line of thought gives a
general rational explanation for the quenching action of
polar solvents only if the excited state is more polar than
the ground state.

Time-resolved fluorescence (TRF): To further understand
the photophysics of OFrK, time-resolved fluorescence
measurements were conducted by using a streak camera and
gated detection technique at room temperature and at 77 K.

The fast time-resolved fluorescence spectra of OFS5K as
thin film and in solution are shown in Figure 5. A broad
green emission band with maximum approximately at
2.30eV (540 nm) was detected both in the mixed solvent
toluene/MeCy and in the bulk at room temperature. This
emission band matches exactly the previously reported
“green” PL and EL band in blue-emitting polyfluorenes.?
The strong “green” emission is accompanied by a weak blue
emission when OF5K was excited at 370 nm in 2-MeTHF
(Figure 5 bottom). The blue emission grows weaker at 77 K.
The shape of the “green” emission of OF5K shows little de-
pendence on the wavelength of the exciting light as demon-
strated by Figure 5 (bottom) for 430 and 370 nm wave-
lengths of excitation.

At 77K, the green emission band with well-resolved
structure with peaks at approximately (2.25 eV) 550 nm and
(2.10 eV) 590 nm was observed in both solution and film of
OF5K (Figure 5). The shape of the spectra is very similar to
the fluorescence spectra of the pentamer of PF2/6 (OF5)>
with a similar vibronic splitting of about 160 meV, indicating
that that the green emission band does not originate from
the formation of an excimer species. Similar behaviour was
also observed for OF3K (see Figure 8 in the Supporting In-
formation).

The OFnK may be regarded as models for polyfluorenes
that have a certain fraction of fluorenone groups incorporat-
ed. On photoexcitation rapid energy transfer takes place
from higher energy sites (fluorene segments) to lower
energy sites (fluorenone units) prior to the radiative decay
of the excited species.

The weak blue emission band in OF5K showed a mono-
exponential decay with lifetime of 573 ps (see Figure 9 in
the Supporting Information), which is very similar to the
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Figure 5. Top: The fluorescence spectra of the OFSK as thin film at both
RT and 77 K (insert shows the fluorescence spectra of OF5K in dilute
toluene/methylcyclohexane at two temperatures). Bottom: the fluores-
cence spectra of OF5K in 2-MeTHF solution at both RT and 77 K (ex-
cited at 430 and 370 nm, respectively).

decay of pure OF5 (560 ps), suggesting that the blue emis-
sion band arises from the fluorenyl segments. This observa-
tion goes along with other phenomena already discussed in
this work, in particular the strong distortion of the oligomers
near the central fluorenone group. This topological defect
seems to nearly isolate the two halves of the molecule from
each other. This also explains the magnitude of the lifetime
of the blue fluorescence in OF5K, which is bit longer that in
OF5. The decay of the green emission is much slower (see
Figure 10 in the Supporting Information). The lifetime can
not be obtained from streak camera techniques; instead
long-time-range-delayed fluorescence measurements were
performed.

The delayed fluorescence (DF) spectra of OF5K (10-°m)
at 77 K in 2-MeTHF were evaluated to give the data shown
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in Figure 6. To verify the difference between absorption
bands, namely, n—n* and mt—n* transitions, OF5K was ex-
cited both at 365 and 453 nm.

10" 5
10°4
E]
& 104
2
g
8 107
£
a
10°
B 12uJ, 4, =365nm, r=8.8ns
® 125uJ, 1., =453 nm,7=8.0ns
10’ . . . . . : )
0 10 20 30 40 50 60 70

time (ns)

Figure 6. The dependence of DF intensity upon time (¢ > 10 ns) for OF5K
(at 10~°m) probed at 543 nm and 77 K in 2-MeTHF.

The frozen solution of OF5K in 2-MeTHF at 77K
(Figure 6) showed a monoexponential decay behaviour. The
fluorescence lifetime is approximately 8 ns at both excitation
conditions, which is much longer than that found for the
blue emission band. Similar decay behaviour and lifetime
(8.3 ns) were also observed for OF3K in the frozen matrix
of 2-MeTHF at 77 K.

The dependence of continuous-wave (CW) fluorescence,
prompt fluorescence, and delayed fluorescence intensity
upon laser excitation intensity for OF5K in a dilute frozen
solution at 77 K is shown Figure 7. The delayed emission

10°4
5 10%
s
=
2 10°4
H 10
£
> m  CWFL, 4,,=363nm
o 1024 ® PromptFL, 4,,.=363nm
A DF (20 ns), 4,,=363nm
¥ CWFL,4,,=453nm
| & DF (20 ns), 4,,,=453nm
10 T T T
0.1 1 10 100

Power Intensity (uJ)

Figure 7. The dependence of CW, prompt, and DF intensity of OFSK
(10"°M) on laser excitation intensity at 77 K in 2-MeTHF probed at
546 nm (excited at 365 or 453 nm).

was recorded with a time delay of 20 ns after excitation at
363 and 453 nm. The CW, prompt, and delayed fluorescence
intensity vary approximately linearly with laser excitation
intensity probed at 546 nm, indicating that the excited spe-
cies do not undergo further changes besides the return to
the ground state.
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To test possible concentration effects solutions of OFSK
in 2-MeTHF were investigated with variation of the concen-
tration between 10~° and 10~ m. The relevant CW fluores-
cence spectra observed at room temperature are shown in
Figure 8 and the time dependence of the intensity probed at

Photon energy (eV)
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Figure 8. The fluorescence spectra of OF5K (normalized at 412 nm) in 2-

MeTHF solutions with different concentrations at RT (excited at
365 nm), laser power: 100 pJ.

537 nm is depicted in Figure 9. When the CW spectra are
normalized for the blue emission at 414 nm, the intensity of
the green emission band at approximately 550 nm increases

£
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Figure 9. Dependence of fluorescence intensity of OFSK probed at
537 nm upon time for £>10 ns in 2-MeTHF at different concentrations at
RT (excited at 365 nm), laser power: 5 pJ.

by a factor of about six when the concentration of the fluo-
rophore increases by three orders of magnitude from 107° to
107°m. The decay kinetics are not affected within the limits
of error of the measurement and are strictly monoexponen-
tial. The concentration-independent shape of the CW spec-
tra together with the decay kinetics points towards the pres-
ence of a single emitter. If the aggregates or clusters play a
role, then the decay kinetics should become multiexponen-
tial®>% and the fluorescence spectra should show different
structure as the concentration changes by orders of magni-
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tude. The weak dependence of the (normalized) fluores-
cence intensity on concentration in the green region of the
spectrum can be explained by enhanced intermolecular
quenching of the blue fluorescence upon increasing concen-
tration,’”? which goes along with the observation that the
green emission is only seen in the solid state of OF5K. The
same dominance of the green emission has also been seen
for fluorenone-group-containing polyfluorenes.!'*!

The observed lifetimes of the green emission in the OFnK
are similar to those previously reported for 9-fluorenone,!
and poly-(9,9-dihexylfluorene-co-fluorenone)s.””) This is in
good agreement with other recent reports!®<dl that the
green emission in OFnK originates from the fluorenone
units situated on individual chains, but not from formation
of excimers.

Energy level analysis: Cyclic voltammetry was used to deter-
mine the energy levels of the highest occupied molecular or-
bital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of OF=nK. In all cases, multiple reversible oxida-
tion waves and one reduction wave were observed. The
cyclic voltammetry curves are shown in Figure 10 and the

——OF3K
- - - OFsK
—-—- OF7K

s ., ."
!
I/'/
~
imrmamimaTIS I Im I e
PriCintinkinkinbinn b il RN

25 20 415 1.0 -05 0.0 05 10 15 20 25
Electrode Potential (V)

Figure 10. Cyclic voltammetry curves of OFnK probed in dichlorome-
thane (see Experimental Section).

data retrieved from them are given in Table 3. With the ex-
tension of the chain length, the half wave potentials (E;;)
for the equivalent oxidation waves displayed a negative
shift. For example, for OF3K, two reversible oxidation
waves with Ej, and Ef, at 1.20 and 1.38 V, respectively,
were observed. They are assigned to the successive genera-

Table 3. Cyclic voltammetric data for OF3K-OF7K.1*"!
E(0x) Ejn(Ox) Ej,—Ej M1 Ejy(Red) I, E, AE

(V] (V] (V] (V] [eV] [eV] [eV]
OF3K 120 1.38 0.18 -1.54 573 3.3 260
OF5K 1.08 1.37 029 -1.52 561 314 247
OF7K 1.02 1.26 0.24 -1.53 552 3.3 239

[a] Scan rate: 100 mvs !, for Fc*/Fc, E;;,=0.232 V was used as standard.
Concentration of substrate was 5x107*m in 0.1m Bu,NPF, in CH,Cl,.
[b] Ionization potential (/,) and electron affinity (E,) are given relative
to the vacuum level. [c] Oxidation potentials.
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tion of the radical monocation and dication of the com-
pound. The pentamer OF5K gave two reversible oxidation
waves with E} ,» and Ef/z at 1.08 and 1.37 V, respectively.
However, all of the compounds OFnK gave only one reduc-
tion wave with E} » around —1.53 V that did not show any
chain-length dependence.

The redox potentials were internally calibrated by adding
ferrocene (Fc) during the measurements and in the case of
using AgNO,/Ag as reference electrode the E;,(Fc*/Fc) was
0.232 V. Thus, ionization potential (I, in eV, HOMO) and
electron affinity (E, in eV, LUMO) relative to the vacuum
level can be derived from Equations (1) and (2), respective-
ly, in which E,, and E. are the onset potentials for oxida-
tion and reduction relative to AgNO;/Ag reference elec-
trode.””

I, = (Eoy + 4.4 +0.435-0.232) (1)
E, = (Epq + 4.4 +0.435-0.232) 2)

The value of I, decreases with extension of the chain
length from 5.73 eV for OF3K to 5.52 eV for OF7K, where-
as E, remains unchanged, resulting in a convergent behavior
of the HOMO-LUMO gap (AE is calculated from AE=
I,—E,). This indicates that E, is strongly confined to the
fluorenone unit. The trend of the values of I, and E, with
chain length is consistent with results of quantum-chemical
calculations of the energies of HOMO and LUMO of
OFnK."!

With these data in hand, we can combine our experimen-
tal results with quantum-chemical calculations reported by
Zojer and co-workers®! to gain a better understanding of
the photophysical properties of OFnK. These authors have
calculated the transition energies and oscillator strengths for
the relevant excited states of the model molecule OF5K
starting from the ground-state equilibrium geometry. For
OF5K, the S-S, transition corresponds to an optically for-
bidden transition and possesses n—m* character. Such low-
lying n—nt* states are common in aromatic ketones. The next
excited state (S,) is also only weakly optically allowed and
the excitation to the S, state is associated with a significant
charge redistribution in the fluorenone unit, thus the S, can
be classified as a m—m* charge-transfer (CT) state. The first
state with high oscillator strength in OFSK is the third sin-
glet excited state S;. The energy level diagram show in
Figure 11 summarizes these results.

The absorption is very weak in the low-energy range of
the absorption spectra as is experimentally seen in Figure 3,
because the low-lying states in fluorenone-containing chains
(8, and S, in Figure 11) possess very low oscillator strength.
They can hardly be observed in the absorption spectra of
materials with low fluorenone concentration. This is also
consistent with the lack of absorption in the low energy
region observed in photodegradation experiments on poly-
fluorenes." 2 Consequently, the products of photo- and/
or electrooxidation will become accessible through absorp-
tion spectroscopy only in strongly degraded materials.***
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Figure 11. Energy level diagram for OF5K derived from data of this
work from cyclic voltammetry and spectroscopy in combination with
quantum-chemical calculations.

We now discuss why a strong green emission can be ob-
served in OFnK. The energy-level diagram for OF5K indi-
cate that relaxation phenomena take place from the lowest
lying excited state as revealed by Zojer et al.’*! Such geo-
metric relaxation in the excited state leads to a reversal in
the ordering of the two lowest excited states, with the first
excited state becoming the CT m—m* excitation as indicated
in Figure 12. The vertical transition energy from the first re-
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Figure 12. The dependence of transition energies on the reciprocal
number of fluorene units (n) for OFn and OFnK.

laxed singlet excited state to the ground state for OF5K is
very close to the experimentally observed yellow-green
emission (2.1-2.4 eV). In addition, the small, but nonvanish-
ing, oscillator strength associated with the CT n—n* excited
state is in agreement with the experimental observations: 1)
the fluorenone defect is emissive, but 2) the quantum effi-
ciencies of fluorenone-containing materials are very low. In
fact, the quantum efficiency of OF5SK drops significantly
with respect to the pure pentafluorene. Similarly, the fluo-
rescence of the photooxidized films is also significantly de-
creased compared to pristine polyfluorenes.””
Quantum-chemical calculations for the fluorenone mono-
mer OF1K® reveal that: 1) the energies of the n—m* states
are almost identical in OF1K and OF5K, 2) the shift be-
tween the CT n—n* states of OF1K and the longer model
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systems is relatively small (0.33 eV), and 3) the energy dif-
ference between the m-m* states in OF1K and OF5K is
quite large (around 1.4 eV). The dependence of the excited
state energies on the chain length for OF5 and OF5K is
shown in Figure 12, based on UV-visible absorption and
fluorescence data.” Oligomers OFn display a linear de-
pendence of the energy level of the S, on the inverse
number of repeat units, as is common for the energies of m—
n* excited states in conjugated organic materials.**! The en-
ergies of the S; (S5 for n=1) states in the fluorenone-con-
taining materials show a similar trend. This is consistent
with the results from quantum-chemical calculations: the S,
(—m*) state is delocalized along the whole chain.”* In con-
trast, the energy of the S, state (n—n*) in OFnK is chain-
length independent (Figure 3). As described above, the ab-
sorption maximum wavelength corresponding to S; (t—m*)
(Ss n=1) is red-shifted with the molecular length of OFnK,
while the long-wave absorption maximum (S;, n-m*) is
almost constant from OF3K to OF7K. The two lowest lying
excited states (S| (n—nt*) and S, (CT m—m*)) in the fluore-
none-containing materials are strongly localized to the im-
mediate environment of the keto group.’”! The localization
is even more pronounced for the n—n* state. For the CT n—
mt* excited state, a nonvanishing electron-hole density is also
distributed on the neighboring fluorene units, but it tapers
off rapidly with increasing chain length. This indicates that
at least the fluorene segments that are directly attached to
the fluorenone unit affect, to a certain extent, the electronic
structure of the §, state. For OFnK, the calculated energy of
the S, (CT m—m*) state decreases by 0.31 eV when going
from OF1K to the OF3K and then remains constant upon
further increase of chain length.

As shown in Figure 3, the ratio of blue over green emis-
sion intensity increases with increasing chain length. This re-
lates to the increasing fraction of fluorene units in the
higher oligomers. In addition, the blue emission band be-
comes also red-shifted as the molecular length increases due
to the delocalized m—m* state. Thus the nature of the green
and blue emissions from OFnK and their chain length de-
pendence can be reasonably accounted for combining
theory and experiment.

PFs/OFnK blends: The above discussions demonstrated that
efficient funneling of excitation energy takes place from the
high-energy states on the fluorene segments to low-energy
sites on the fluorenone units by hopping along a single
oligomer or polymer chain. When the energy becomes trap-
ped on the fluorenone site a yellow-green emission will be
the consequence. In addition, the green emission may also
arise from Forster-type interchain excitation energy transfer
from fluorene segments of one chain to fluorenone units of
an adjacent chain. To clarify this question in an unambigu-
ous way the intermolecular energy transfer was investigated
by using a model system consisting of ketone free polyfluo-
renes doped by small amounts of OFnK. The OFnK are
completely miscible with the homopolymer both in solution
and in the solid state.
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The UV-visible absorption and steady state fluorescence
spectra (excited at 383 nm) of thin films PF2/6 doped with
different concentrations of OF3K are shown in Figure 13.
The spectra were taken at room temperature. The absorp-
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Figure 13. The UV-visible absorption (top) and steady-state fluorescence
spectra, normalized at 490 nm (bottom) of PF2/6 doped with different
concentrations of OF3K (4.,,=383 nm), measured at room temperature.

tion spectra of the blends doped with 0.1, 0.3, 1, 3, 10 wt%
OF3K are almost the same and resemble that of pure PF2/6
independent of the concentration of the dopant. Comparing
with the absorption spectra of OF3K as film (see Figure 6 in
the Supporting Information), the n—x* band of the keto-
group-containing moiety with a broad long-wave absorption
maximum and a shoulder was not resolved in the blend
system. This is, however, not surprising as the concentration
of keto groups is relatively low in our doping experiments,
which makes them difficult to detect by absorption measure-
ments. Further, the typical spectral features of polyfluorenes
are observed in all of the emission spectra (Figure 13
bottom) namely a maximum at 2.94 eV (422 nm) with a vi-
bronic shoulder at 2.80 eV (443 nm). Upon increasing the
concentration of the dopant OF3K from 0.3% to 10%, an
additional green emission band with maximum at 2.35eV
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(527 nm) similar to that observed for thin films of OF3K
can be detected. The emission spectra were normalized at
490 nm, to clearer see that the green emission intensity in-
creases, while the blue emission intensity decreases with in-
creasing of concentration of the dopant. When using OF5SK
instead of OF3K the same phenomena were seen (see
Figure 11 in Supporting Information) The ratio of green
emission intensity to the blue emission intensity measured
at peak maximum in the OF3K-PF2/6 blend increases with
the concentration of dopant, that is, the concentration of
keto groups in the system as is recorded in Table 4.

Table 4. A compilation of the ratio of green to blue emission intensity, the lifetimes 7 of blue emission, the
energy-transfer rate constants (kr), and energy-transfer efficiencies (¢r) obtained for OF3K-PF2/6 and

OF5K-PF2/6 blends at various concentrations of OFnK.

FULL PAPER

thermally activated. The lifetime of the blue emission from
OF5K-PF2/6 blend system at 77 K is higher compared to
that at RT at the same doping concentration (Table 4), indi-
cating that the energy transfer from PF2/6 to OFnK is faster
at higher temperature.

Although the excitation transport (or energy migration)
can also take place within OFnK itself from the fluorene
units to the central fluorenone group, the main energy trans-
fer discussed here occurs from PF2/6 to OFnK in the blends.
The absorption spectra of OFnK and the fluorescence spec-
tra of PF2/6 in form of their films overlap in the range of
400-550 nm (see Figure 13 in
the Supporting Information);
hence, radiative transfer is pos-
sible by the absorption of a

[a] iolb! [e] [d] -1 le] . .

¢ Ratio Toue [PS] ke s~ e photon that is emitted by PF2/
OF3K OFSK OFSK OF3K OFSK OFSK OF3K OFSK OFSK OF3K OFSK OFSK b I
RT RT 77K RT RT 77K RT RT 77K RT RT 77K onor by a molecule ©

OFnK as an acceptor. This

0 - - - 273 274 395 0 0 0 0 0 0 db il situat

01 01 - - 255 257 376 026 024 013 007 006 005 would be a trivial situation.

03 03 02 - 186 201 254 172 133 141 032 027 035 In a classical molecular crys-

1 09 04 015 84 112 237 824 528 169 069 059 040 tal the rate-limiting process for

3017 12 05 52 63 117 1557 1222 602 081 077 070 excitation quenching is the ex-
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citon migration within the host

[a] Concentration of dopant wt%. [b] The values listed are the ratios of green emission at maximum intensity/
blue emission at maximum intensity. [c] The values listed are lifetimes of the blue emission. [d] The energy-

transfer rate constant (k). [e] Energy-transfer efficiency (¢r).

The time-resolved decay of the fluorescence for OF3K-
PF2/6 blends probed at 422 nm at various doping concentra-
tions at room temperature is shown in Figure 14 (for OF5K-
PF2/6, see Figure 12 in the Supporting Information). A
monoexponential decay is observed for the blue emission in
the cases of low doping concentration. The decay becomes
multiexponential at concentrations equal or larger than 3%
and the lifetime of the blue emission of the OFnK-PF2/6
blends decreases with the doping concentration. The precise
data are listed in Table 4. Here, only the linear part of the
decay curves for 3 and 10% of dopant was analyzed. The
lifetime decreases from 273 to 33 ps when the doping con-
centration increases from 0 to 10 wt %, indicating a system-
atical increase of the quenching rate with increasing concen-
tration of OFnK. In addition, the energy-transfer process is
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Figure 14. The decay of fluorescence of OF3K-PF2/6 blends probed at
422 nm (Aexe =383 nm).
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matrix. In a noncrystalline
glassy medium composed of a
conjugated polymer this is a
dispersive process, because the
energy levels associated with the subunits of the polymer
are distributed in energy. This gives rise to energetic relaxa-
tion of the exciton and, concomitantly, to a reduction of the
exciton mobility.*! For Forster-type energy transfer,*”!
dipole—dipole interactions control the individual transfer
steps from an excited donor to an acceptor. If the fluores-
cence decay of the donor following pulsed excitation is a
single exponential, the measurement of the decay time in
the presence (tp) and absence (7)) of transfer allows us to
determine the transfer rate constant kr and the transfer effi-
ciency ¢, by using Equations (3) and (4):5"!

1 1
ky =———
T TOD (3)
T
bp=1-— @
D

As Table 4 and Figure 15 show, the transfer rate constant
(kr) and the transfer efficiency (¢r) increase with increasing
doping concentration in all of the cases; further, kr and ¢y
increase faster for the OF5K-PF2/6 blends at room temper-
ature than at 77 K, and the energy-transfer efficiency be-
comes almost saturated as the OFnK concentration ap-
proaches 3 wt%.

Conclusion

Oligofluorenes with a keto defect in the center (OFnK)
were prepared and were used as model compounds to un-

—— 6843

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

G. Wegner et al.

A EUROPEAN JOURNAL

/ ’
10" - -
o
= /
(7))
£ o
= o
N 10“ i
—O— OF3K-RT
o O —e— OF5K-RT
10”4
1E-6 1E-5 1E-4
doping concentration (molg™')
0 -
10 o
]
Va
< [
10"+ —O— OF3K-RT
—e— OF5K-RT
éd ©
1E-6 1E-5 1E-4

doping concentration (molg™)

Figure 15. The dependence of ki and ¢ on the doping concentration for
OF3K-PF2/6 and OF5K-PF2/6 blends.

derstand the origin of the low-energy emission band that
occurs upon oxidation in the photo- and electrolumines-
cence spectra of polyfluorenes. A smectic liquid crystalline
phase was found to exist between the glass transition tem-
perature and the liquid crystal to isotropic phase transition
in OF5K and OF7K. Crystals of OF5SK could be obtained
and analyzed for the three-dimensional packing of the mole-
cules. Despite of inherent disorder caused by the side
groups, the diffraction data could be analyzed to give the
conformational angles in the backbone. The repeat units are
arranged in a helical conformation with helix reversal at the
central fluorenone unit. This results in an overall nonplanar
shape that prevents close packing of adjacent chains to a
distance and geometry that would be prerequisite for forma-
tion of excimer configurations. The photophysical properties
of OFnK were studied in dilute solution and as thin films.
The steady-state UV-visible spectra disclose a strong absorp-
tion of m—m* character accompanied by a weak long-wave-
length absorption assigned to an n—mt* transition. The fluo-
rescence spectra reveal a strong broad green emission band.
This green emission is identical to the low-energy emission
of photo- or electrooxidized PFs.

The strong green emission of OFnK suggests that rapid
energy transfer takes place from higher energy sites of the
fluorene segments to lower energy sites of the fluorenone
units prior to the radiative decay of the excited species.
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Monoexponential decay behaviour was observed. The life-
time of the green band is about 8 ns for OF3K and OF5K.
Independence of the monoexponential decay behaviour on
concentration rules out that the green emission band origi-
nates from aggregates, neither in the ground nor the excited
state.

The position of low-energy absorption and the green
emission is independent of the chain-length of OFnK. This
comes from the situation that the n—x* state and CT m—-m*
are localized dominantly on the central fluorenone unit of
OFnK.

Energy transfer was investigated using a model system of
a polyfluorene doped by OFnK. Forster-type energy transfer
takes place from PF2/6 to OFnK, and the energy-transfer ef-
ficiency increases with increasing doping concentration. The
green emission in the photochemically or thermally degrad-
ed polyfluorenes can therefore be ascribed to 1) efficient
funneling of excitation energy from the high-energy fluorene
segments to the low-energy fluorenone defects by hopping
of excitations along a single polymer chain until they are
trapped on the fluorenone defects on that chain and 2) in-
terchain Forster-type energy-transfer processes.

Experimental Section

The electrochemical measurements of OF3K-OF7K (5.0x10*m in dry
dichloromethane) were performed in a standard three-electrode cell, a
platinum wire sealed in insulated rubber as working electrode, a AgNO,/
Ag nonaqueous electrode as reference electrode, and a platinum wire as
counter  electrode.  Tetrabutylammonium  hexafluorophosphorate
(TBAPFg, 0.1 M) was used as supporting electrolyte. The electrochemical
potentials were calibrated by an internal reference couple ferrocene/fer-
rocenium (Fc/Fct) in each measurements and in all case E,, (Fc/Fct)=
0.232 V.

Other experimental details are available in the Supporting Information.
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